The substrate cocktail is frequently used to evaluate cytochrome P450 (CYP) enzyme-mediated drug interactions and potential interactions among the probe substrates. Here, we re-optimized the substrate cocktail method to increase the reliability and accuracy of screening for candidate compounds and expanded the method from a direct CYP inhibition assay to a time-dependent inhibition (TDI) assay. Methods: In the reaction mixtures containing human liver microsome (0.1 mg/mL), both the concentrations of a substrate cocktail (phenacetin for 1A2, coumarin for 2A6, bupropion for 2B6, diclofenac for 2C9, dextromethorphan for 2D6, and testosterone for 3A4) and the incubation time were optimized. Metabolites of the substrate probes were simultaneously analyzed by multiplereaction monitoring (MRM) using a routine LC/MS/MS. Direct CYP inhibition was validated using 7 inhibitors (α-naphthoflavone, tranylcypromine, ticlopidine, fluconazole, quinidine, ketoconazole and 1-ABT). The time-dependent inhibition was partially validated with 5 inhibitors (ketoconazole, verapamil, quinidine, paroxetine and 1-ABT). Results: The inhibition curve profiles and IC 50 values of 7 CYP inhibitors were approximate when a single substrate and the substrate cocktail were tested, and were consistent with the previously reported values. Similar results were obtained in the IC 50 shifts of 5 inhibitors when a single substrate and the substrate cocktail were tested in the TDI assay. Conclusion: The 6-in-1 substrate cocktail (for 1A2, 2A6, 2B6, 2C9, 2D6 and 3A) is reliable for assessing CYP inhibition and timedependent inhibition of drug candidates.
Introduction
Drug-Drug Interactions (DDIs) may restrict prescribing and significantly change the way a drug interacts with the body. For example, co-administration of itraconazole and tacrolimus or of leflunomide and warfarin can be dangerous, although individually, these drugs are safe [1, 2] . Even worse, many drugs have been refused approval or have been withdrawn from the market by regulatory agencies, including mibefradil, terfenadine and cisapride [3] [4] [5] . One major category of DDIs is the mechanism-based DDIs.
Cytochrome P450 (CYP) enzymes are responsible for over 75% of the biotransformation of the top 200 drugs used in the US [6] . A change in the metabolic clearance of these drugs due to changes in the CYP activities can produce severe adverse reactions or a loss of efficacy when two or more drugs are coadministered. To avoid failures in the later stages of drug development or post-marketing, an evaluation of the effects of NMEs (new molecular entities) on CYP activities during the early stages of drug discovery is crucial. The FDA recommends an in vitro CYP inhibition assay for the 7 major human hepatic CYP isoforms: CYP1A2, 2B6, 2C8, 2C9, 2C19, 2D6 and 3A [7] . Assessing the inhibition of other CYP enzymes (CYP2A6 and 2E1) involved in the metabolism of certain drugs and performing assays to examine significant ethnic differences are also recommended, especially for herbal medicines [8] [9] [10] .
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Acta Pharmacologica Sinica npg Currently, substrate cocktails, which are mixtures of two or more probe substrates, have been popularized as in vitro screening assays to evaluate the inhibitory potency of NMEs in pharmaceutical industries in an attempt to reduce the costs and increase the efficiency of screening strategies. The challenges of using substrate cocktails are 1) the potential interactions among the probe substrates in the mixture; 2) the maintenance of substrate specificity and sensitivity to the enzymes; and 3) the limitations of liquid chromatography mass spectrometry. Significant research has focused on the CYP inhibition assay using substrate cocktails, and the number of probe substrates has increased from 5 (5 CYP isoforms) to 10 (9 CYP isoforms) [11] [12] [13] [14] . However, the reported methods still have some flaws. For example, to recognize more probe metabolites from the mixtures, UPLC must be performed in combination with stable-labeled metabolites as the internal standard [11] or the running time for concentration determination must be prolonged to 8 min, with a polarity switch for the positive and negative ion modes [13] ; see table 1. The high expense of reagents and instruments and significant time investment that are needed greatly limit the throughput of these methods for industrial applications. In addition, the interference and transformation of probe substrates in metabolism can create complications. Amodiaquine, substrate of CYP2C8, produces a non-specific inhibition on other CYP isoforms [11, 14] , and Otten et al tried to optimize this by lowering its concentration to 0.1 μmol/L, less than 10% of its K m value [11, 14] . However, its biotransformation was higher than 50%, even at 5 min of incubation, which did not conform to the rule of "no more than 10%-30% substrate depletion," as delineated in the FDA guidelines [15] . Therefore, the method of optimizing the substrate cocktail remains the best strategy for optimization.
The time-dependent inhibition (TDI) assay can be used to determine whether the inhibition of an enzyme by a test article is time-dependent. Time-dependent inhibitors more frequently cause DDIs. The procedure of the TDI assay is more complex than that of the inhibition assay and always uses a single probe substrate, which limits the use of the TDI assay for massive candidate compounds in the early stages of drug discovery. Only a few reports have addressed the application of the substrate cocktail method for TDI, although it will likely be useful for lowering the expense and increasing the throughput of this method.
In this study, a new substrate cocktail approach was optimized and validated to increase the reliability and accuracy when screening candidate compounds and to expand the method to the TDI assay.
Materials and methods

Chemicals and reagents
Phenacetin, acetaminophen, testosterone, coumarin, 7-hydroxy coumarin, hydroxybupropion, amodia quine, paclitaxel, dextromethorphan, chlorzoxazone, 6β-hydroxytesto sterone, α-naphthoflavone, tranylcypromine, quinidine, 1-amino benzotriazole(1-ABT) and tolbutamide were obtained The pooled human liver microsomes (HLM, 20 mg/mL) 5-in-1 [12] 7-in-1 [14] 9-in-1 [11] 10-in-1 [13] 6-in-1 (in our lab) (Table 1) . Time course assays were performed at 5, 10, 15 and 20 min at 37 °C. The incubation was terminated with acetonitrile using 100 ng/mL tolbutamide as the internal standard. The samples were determined using LC/MS/MS.
Microsomal protein linearity was determined by plotting data points at 10-min intervals with incubation at 4 protein concentrations (0.05, 0.1, 0.2 and 0.3 mg/mL).
Validation of direct CYP inhibition
Six selective CYP inhibitors (α-naphthoflavone for 1A2, tranylcypromine for 2A6, ticlopidine for 2B6, fluconazole for 2C9 and 3A4, quinidine for 2D6, ketoconazole for 3A4 and a nonspecific CYP inhibitor for 1-ABT) at 7 concentrations were used as positive controls for incubation with a single substrate or a substrate cocktail at 37 °C for 10 min with an optimized
Validation of time-dependent inhibition 1-ABT was selected to evaluate the effectiveness of the cocktail system because 1-ABT is also a time-dependent inhibitor for the 6 CYP isoforms [16, 17] . Two known reversible CYP2D6 and 3A inhibitors (quinidine & ketoconazole) and 2 irreversible CYP2D6 and 3A inhibitors (paroxetine & verapamil) were selected for the comparison between the 6-in-1 substrate cocktail and the single probe substrate. All inhibitors were preincubated with HLM (0.2 mg/mL) in the presence and absence of the NADPH-regeneration system (1.2 mmol/L NADP, 2.4 mmol/L G6P and 1.2 U/mL G6PDH) for 30 min [18] . An aliquot (2-fold dilution) was transferred to a secondary incubation containing the 6-in-1 substrate cocktail (15 μmol/L phenacetin, 2.5 μmol/L coumarin, 5 μmol/L bupropion, 5 μmol/L diclofenac, 5 μmol/L dextromethorphan, 10 μmol/L testosterone) or a single probe substrate, which was then incubated for 10 min.
LC-MS/MS conditions
The sample concentrations were determined using an API 4000 mass spectrometer (Applied Biosystems, Concord, Ontario, Canada) in the positive electro-spray ionization (ESI) mode, linked to a LC-20AD HPLC (Shimadzu, Kyoto, Japan). Briefly, the separation was achieved using a 4 µm, 30×2 mm Synergi Hydro-RP C18, 80A column (Phenomenex, Torrance, CA, USA). The mobile phase was water with 0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B). The gradient eluted program consisted of the following: 0 to 0.3 min, 5% (B); 0.3 to 3 min, 5%-40% (B); 3 to 4 min, 40%-90% (B); 4 to 4.5 min, 90% (B); 4.5 to 5 min, 90%-5% (B). The flow rate was set at 0.4 mL/min. The injection volume was 10 μL. Data were collected and processed using the Analyst Software (version 1.6.1, Applied Biosystems/MDS SCIEX). The metabolites of the probe CYP substrates and IS were analyzed in the multiple-reaction monitoring (MRM) mode. The details of the MRM transitions and mass spectrometry parameters are shown in Table 2 .
Data analysis
The negative control was prepared by replacing the inhibitor with solvent. The amount of metabolite was transformed to the percent (%) of the negative control and plotted versus the inhibition concentration. The IC 50 values were analyzed by where E min is the minimum % inhibition, E max is the maximum % inhibition, and I is the concentration of the inhibitor. The Hillslope value should be in the range of 0.5-1.5.
For the TDI assays, the IC 50 fold-shift is the shift ratio of the IC 50 values obtained pre-incubation with and without NADPH.
Results
LC-MS/MS method
Usually, the cocktail method is recommended for a screening assay, which can then be semi-quantitative. IC 50 values can be calculated by comparing the peak area of the metabolite with the different inhibitor concentrations (including a condition with no inhibitor). To evaluate the sensitivity, reliability and specificity of the LC/MS/MS method, the limit of detection, linearity of standard curve, accuracy and precision for each probe metabolite were validated. An eight-point calibration curve was plotted with the ratio of the metabolite and the IS peak area versus the metabolite concentration by weighted (1/x 2 ) linear regression analysis. The values of the coefficient correlation (R) are shown in Table 3 . The results of a typical chromatograph are shown in Figure 1 and indicate that the response of endogenous compounds co-eluted with the analyte had no effect on determining the metabolites in the current conditions. Hence, the current LC-MS/MS method was found to be suitable for determining the 6 CYP probe metabolites in the cocktail system.
Optimization of reaction conditions
To optimize the reaction conditions, the highest throughput method with a 9-in-1 substrate cocktail was first performed. The probe substrates and initial concentrations were selected based on the FDA draft guidelines [15] , literature values [11, 14] and K m values, which were generated in-house.
S-Mephenytoin (2C19 probe substrate) and paclitaxel (2C8 probe substrate) were excluded due to their low response in the LC/MS/MS detection. Chlorzoxazone (2E1 probe substrate) was excluded from the substrate cocktail because the response of its metabolite, 6-hydroxychlorzoxazone, was much lower under a positive mode of ionization than under a negative mode. Bupropion (2B6 probe substrate) showed a highly potent inhibition of other CYP isoforms at its K m value, so its concentration in the substrate cocktail was reduced to 1/30 of its K m value (5 μmol/L) to avoid the drug interaction among substrates.
The plot of the protein concentration (mg/mL) vs the formed metabolite (µmol/L) is presented in Figure 2 . Aside from CYP3A, the other 5 probe metabolites of the CYPs showed a good linearity relationship from 0.05 to 0.3 mg/mL HLM at 10 min of incubation. The relationship between the metabolite formation and the use of either a single substrate or the substrate cocktail is shown in Figure 3 , and the depletion of each substrate was found to be less than 20% after a 10-min incubation.
Finally, a cocktail of six probe substrates (15 μmol/L phenacetin, 2.5 μmol/L coumarin, 5 μmol/L bupropion, 5 μmol/L diclofenac, 5 μmol/L dextromethorphan and 10 μmol/L testosterone) was selected for a 10-min incubation with 0.1 mg protein/mL of HLM as the optimized condition. Comparison of the CYP activities obtained from the 2 approaches as performed on 3 different days showed that all 6 CYP activities in the 6-in-1 cocktail were in the range of 83%-104% of those in the single probe substrate reactions (Table 4) . [15] , ie, α-naphthoflavone, tranylcypromine, ticlopidine, fluconazole, quinidine, and ketoconazole, and 1-aminobenzotriazole (1-ABT), as a non-specific CYP inhibitor, were used to compare the IC 50 values between the single substrates and the substrate cocktail [17] . The inhibition curves obtained from these 2 approaches are shown in Figure 4 , and the IC 50 values are shown in Table 5 . The results of single substrates were found to be consistent with the published values [14, 17, [19] [20] [21] [22] [23] and correlated well with the results from the 6-in-1 substrate cocktail.
A comparison of the results of the reversible and irreversible inhibitors using the 6-in-1 cocktail and single probe substrate in the TDI assay are shown in Figure 5 and Table 6 . The fold shift of IC 50 for the reversible inhibitors (quinidine and ketoconazole) was less than 1, and there was a strong correlation between the results of the 6-in-1 substrate cocktail and the single substrates. However, the pre-incubation IC 50 curve of the irreversible inhibitors (paroxetine and verapamil) with NADPH shifted towards the left side. The ratio of the verapamil IC 50 values without NADPH compared to those with NADPH were 8.2-and 6.9-fold higher relative to the 6-in-1 substrate cocktail and testosterone, respectively. The ratio of the paroxetine IC 50 values without NADPH against those with NADPH was 24-and 15.9-fold higher in the 6-in-1 substrate cocktail and dextromethorphan, respectively. The non-selective CYP inhibitor 1-ABT also showed a significant IC 50 foldshift (the IC 50 fold-shifts of all 6 P450s were more than 5), indicating that 1-ABT is a potential time-dependent inhibitor [24] . 
Discussion
An easy and reliable substrate cocktail system was optimized to evaluate the effects of NCEs on 6 CYPs (through direct or time-dependent inhibition): CYP1A2, 2A6, 2B6, 2C9, 2D6 and 3A in one reaction. The objective of this substrate cocktail assay was to establish a faster, higher capacity and lower cost way to assess CYP inhibition potential at the early stages of drug discovery and development and to provide a medical chemistry tool to researchers that provides information on the structure-activity relationship (SAR) and re-designs and synthesizes preferable NCEs. In Table 1 , the different assay conditions of the published literature and those of our lab were compared. The protein concentration of HLM used in our lab was lowest (0.1 mg/mL) to minimize the non-special protein binding of HLM and probe substrates. The concentration of probe substrates was also reduced to avoid compound-compound interactions. In the optimized assay conditions, all 6 metabolite concentrations were more than 10-fold the amount of LLOQ (Tables 3 and  4) to provide sufficient sensitivity for the measurement of the inhibition of the enzyme activity. Without the use of UPLC [11] or QTRAP [12] , we utilized a highly selective and sensitive 6-in-1 method for the reversible and irreversible CYP inhibition assay. At the same time, the injection time was limited to 5 min to save time and money.
Due to the presence of multiple substrate-binding sites on the CYP3A enzyme, two or more specific CYP3A substrates were recommended for the evaluation of CYP3A inhibition because of the multiple substrate-binding sites in the CYP3A enzyme [15] . Based on the published literature, two CYP3A probe substrates (midazolam and testosterone) were added to the substrate cocktail [11, 18] . However, comparing the CYP activities of the single substrate to those of the 7-in-1 and 6-in-1 [25] . Therefore, only testosterone was added into the cocktail in this research, unlike the conditions used in previous reports [11, 18] . A good correlation between the 6-in-1 cocktail and the single probe was shown both in the CYP activity (Table 4 ) and the IC 50 values of the known specific and non-specific CYP inhibitors, containing time-dependent inhibitors (Tables 5 and  6 , with a linear regression equation y=1.03x 1.02 , R 2 =0.99). The difference in the IC 50 values in the cocktail and single substrate approaches was within a 2-fold range. The IC 50 ratio of 1-ABT on CYP2D6 between 2 approaches was equal and more than 2 in the multiple assays ( [14] , but these compounds or drugs always inhibit at least two enzymes simultaneously. Thus, the non-specific inhibitor 1-ABT was used to examine our substrate cocktail for the direct inhibition assay and time-dependent inhibition assay. Further, 1-ABT can also irreversibly deactivate almost all major CYP enzymes that are involved in metabolism of xenobiotics [16, 17] . In addition to 1-ABT, several known specific reversible and irreversible inhibitors were selected to test these two approaches.
In the TDI assay, a 6-in-1 cocktail system may also distinguish the known reversible and irreversible inhibitors accurately. Inhibition curves plotted with data generated from the 6-in-1 cocktail system nearly coincided with those from the single probe system ( Figure 5 ). Measuring the TDI parameters k inact /K I is a time-consuming and labor-intensive process. Usually, K obs , k inact and K I need not be determined unless the test compounds are proven to cause a IC 50 -shift in the time-dependent inhibition assay. Considering the potential risks of the complex inhibition between unknown drugs with a substrate cocktail, the 6-in-1 approach is more suitable for initial screening than the determination of inhibition parameters. Thus, the most reliable single-substrate approach should be applied to calculate inhibition constants.
In conclusion, an improved cocktail approach was validated to measure the activity of 6 CYP isoforms to establish a rapid and low-cost method for direct CYP inhibition and TDI assays, thus providing an easier and more reliable evaluation system for assessing the drug-drug interactions of 6 major CYPs.
